MRP1 (multidrug-resistance-associated protein 1; also known as ABCC1) is a member of the human ABC (ATP-binding cassette) transporter superfamily that confers cell resistance to chemotherapeutic agents. Considering the structural and functional similarities to the other ABC proteins, the interaction between its two NBDs (nucleotide-binding domains), NBD1 (N-terminal NBD) and NBD2 (C-terminal NBD), is proposed to be essential for the regulation of the ATP-binding/ATP-hydrolysis cycle of MRP1. We were interested in the ability of recombinant NBD1 and NBD2 to interact with each other and to influence ATPase activity. We purified NBD1 (Asn 642 -Ser 871 ) and NBD2 (Ser 1286 -Val 1531 ) as soluble monomers under native conditions. We measured extremely low intrinsic ATPase activity of NBD1 (10 −5 s −1 ) and NBD2 (6 × 10 −6 s −1 ) and no increase in the ATPhydrolysis rate could be detected in an NBD1 + NBD2 mixture, with concentrations up to 200 µM. Despite the fact that both monomers bind ATP, no stable NBD1 ᭹ NBD2 heterodimer could be isolated by gel-filtration chromatography or native-PAGE, but we observed some significant modifications of the heteronuclear single-quantum correlation NMR spectrum of 15 N-NBD1 in the presence of NBD2. This apparent NBD1 ᭹ NBD2 interaction only occurred in the presence of Mg 2+ and ATP. Partial sequential assignment of the NBD1 backbone resonances shows that residue Gly 771 of the LSGGQ sequence is involved in NBD1 ᭹ NBD2 complex formation. This is the first NMR observation of a direct interaction between the ABC signature and the opposite NBD. Our study also reveals that the NBD1 ᭹ NBD2 heterodimer of MRP1 is a transient complex. This labile interaction is not sufficient to induce an ATPase co-operativity of the NBDs and suggests that other structures are required for the ATPase activation mechanism.
INTRODUCTION
ABC (ATP-binding cassette) transporters couple ATP hydrolysis with the transport of endogenous and exogenous molecules across biological membranes. The canonical functional form of ABC proteins consists of two hydrophilic NBDs (nucleotide-binding domains) located at the cytoplasmic surface of the membrane and hydrophobic transmembrane spanning domains that are thought to form the translocation pathway [1] .
MRP1 (multidrug-resistance-associated protein 1; also known as ABCC1) is a 1531 amino acid membrane protein belonging to the 'C' subfamily of the ABC superfamily (see [2] ). MRP1 was discovered by virtue of its ability to cause multidrug resistance in human cell lines [3] and has been detected in tumours. This ABC protein confers resistance to diverse chemotherapeutic agents and is able to transport anionic conjugate compounds out of cells [4, 5] . MRP1 is an energy-dependent efflux pump under the control of ATP binding/hydrolysis and ATPase activity takes place within the NBDs. Although ABC transporters have been studied for several years, little is known about the mechanism by which the energy of ATP hydrolysis is used to transport substrate across the membrane. The NBDs of MRP1 contain conserved motifs that are common to all ABC family members: the Walker A and B motifs required for nucleotide binding and hydrolysis and the ABC signature sequence (LSGGQ) or C-motif.
Dimer formation between NBDs of ABC transporters, either as homo-or hetero-dimers, appears as a general rule of their structural organization and is required for the functional activation of transport. Homodimers are commonly proposed for bacterial ABC proteins, which contain only one NBD. The structures of several isolated NBD domains have been solved by X-ray crystallography and different organization of homodimers has been proposed. However, the head-to-tail model revealed by the crystal structures of Rad50 [6] , MutS [7, 8] , MJ0796-E171Q [9] , BtuCD [10] and MalK [11] is now considered to reflect the physiological NBD dimer. In the dimer model, the two bound nucleotides are at the interface between the subunits and are co-ordinated by amino acids from both NBDs. The residues of the ABC signature sequence of one subunit complete the nucleotide-binding site of the opposite monomer. The very recent X-ray crystallographic structure of RLI (RNase-L inhibitor) [12] characterizes the first bacterial heterodimer of a twin cassette ATPase. However, there are no three-dimensional structural data available yet describing the NBD1-NBD2 (where NBD1 stands for N-terminal NBD and NBD2 stands for C-terminal NBD) heterodimer interface of human multidrug transporters.
In the eukaryotic ABC transporters of the C-subfamily, a single polypeptide chain spans two non-identical NBDs, NBD1 and NBD2. The inactivation of one of the two NBDs abolishes the transport activity of the protein. In MRP1, both NBDs contain Abbreviations used: ABC, ATP-binding cassette; CFTR, cystic fibrosis transmembrane conductance regulator; HSQC, heteronuclear single-quantum correlation; IPTG, isopropyl β-D-thiogalactoside; ME, 2-mercaptoethanol; MRP1, multidrug-resistance-associated protein 1; NBD, nucleotide-binding domain; NBD1, N-terminal NBD; NBD2, C-terminal NBD; P-gp, P-glycoprotein; RLI, RNase-L inhibitor; RT, reverse transcriptase; RTS, rapid translation system. 1 To whom correspondence should be addressed (email Eric.Jacquet@icsn.cnrs-gif.fr).
the conserved sequences Walker A and B motifs, H-switch and Q-loop. The ABC signature sequence LSGGQ is replaced by LSVGQ in NBD2 and the catalytic glutamate is substituted by an aspartate residue in NBD1. Moreover, the NBD1 is characterized by the 13 amino acid deletion preceding the Q-loop as compared with NBD2. Furthermore, it has been described that the two NBDs of MRP1 have different properties and functions based on mutations, ATP binding and ATP-dependent LTC4 (leukotriene C4) transport [13] [14] [15] . Mutagenesis studies of the ABC signature sequence in MRP1-NBDs were recently carried out to determine its role in the communication between NBDs [16] [17] [18] . The loss of ATPase and transport activity of mutated MRP1 highlights the importance of these residues of the LSGGQ motif in MRP1 function.
In a previous study, we showed that isolated MRP1-NBD1 has a very low intrinsic ATPase activity [19] . We proposed that this could be due to a lack of additional interactions localized at the NBD1 ᭹ NBD2 heterodimer interface in MRP1, suggesting that the interaction with NBD2 is required to enhance this activity. The objective of the present study was to examine how NBD1 and NBD2 interact. We produced highly purified NBD2 in monomeric form, as well as high amounts of isotopically labelled NBD1. Using biochemical and NMR techniques, we compared the ATPase activity of both domains and we looked for a possible interaction and stimulation of the ATPase activity induced by the heterodimer formation. We illustrate here the first NMR study of the interaction in solution between the isolated NBD1 and NBD2 of an ABC transporter.
MATERIALS AND METHODS

Construction of the recombinant NBD expression vectors
Total RNAs were purified from the human cell line HL60/ADR (Oncodesign, Dijon, France), using the High Pure RNA Isolation kit (Roche Diagnostics, Meylan, France). RT (reverse transcriptase)-PCR amplification of the MRP1-NBD2 cDNA fragment was performed with the Titan one-tube RT-PCR system (Roche Diagnostics). The forward primer 5 -acatatgagctggccccagg-3 and the reverse primer 5 -agcggccgctcacaccaagccg-3 were used, where underlined bases correspond to the NdeI and NotI restriction sites respectively. The MRP1-NBD2 PCR fragment was cloned into T-overhanging pBlueScript and subcloned into pET28a (Novagen, Madison, WI, U.S.A.), using appropriate enzymes and was then sequenced. The construction of the expression vector used for the production of the MRP1-NBD1 domain has been described previously [19] . The pET vectors allow the expression of N-terminal His-tagged NBD fusion protein, encompassing residues Asn 642 -Ser 871 and Ser 1286 -Val 1531 for the NBD1 and NBD2 domains respectively.
Production of recombinant NBDs in Escherichia coli
NBD2 production
The E. coli BL21(DE3)pLysS (Novagen) was transformed with recombinant pET28a-MRP1-NBD2 vector and grown at 37
• C in 2YT (yeast extract tryptone; 1.6 %, w/v, tryptone, 1 %, w/v, yeast extract and 0.5 %, w/v, NaCl) medium (Difco, West Molesey, Surrey, U.K.) containing kanamycin (30 µg/ml) and chloramphenicol (34 µg/ml). Gene expression was induced (A 600 0.6) with 0.5 mM IPTG (isopropyl β-D-thiogalactoside; Promega, Charbonnières, France) for 20 h at 16
• C (A 600 6-7). Then, cells were harvested by centrifugation (10 000 g for 15 min) at 4
• C, frozen in liquid nitrogen and stored at − 80
• C until use. The overexpression of the unlabelled NBD1 and the production of the 15 N-labelled domain, using the pET28a-MRP1-NBD1 vector in E. coli, have been described previously [19] . In order to obtain 15 • C.
Protein purification
NBD2 purification
All purification steps were performed at 4
• C. The cell pellet from 3 litres of culture was resuspended in 80 ml of buffer A (25 mM Tris/HCl, pH 8.0, 500 mM KCl and 10 %, v/v, glycerol) with 1 mM Pefabloc-SC (Roche Diagnostics). Cells were lysed by sonication (5 s on/5 s off, 36 cycles) in a Vibro-cell sonicator (Fisher Bioblock Scientific, Illkirch, France) and ultracentrifuged at 200 000 g for 120 min. The supernatant was applied on to a 5 ml Talon-Superflow cobalt-affinity resin column (BD Biosciences Clontech, Mountain View, CA, U.S.A.) connected to an AKTAexplorer system (Amersham Biosciences, Saclay, France). Proteins were eluted from the column with a 10-200 mM imidazole gradient in buffer A at a flow rate of 2 ml/min. Fractions were analysed by SDS/PAGE and NBD2 (eluted between 70 and 100 mM imidazole) was collected. After concentration to a final volume of 10 ml, NBD2 was loaded on to a 50 ml HiPrep 26/10 desalting column (Amersham Biosciences) at a flow rate of 2 ml/min in buffer A. NBD2 fractions were collected and purified on to the 5 ml Talon-Superflow cobalt-affinity resin column for a second time, with a 30-150 mM imidazole gradient. NBD2 fractions were then concentrated up to 4 ml and loaded on to a 180 ml Superdex 75 PrepGrade column (Amersham Biosciences) in buffer B [25 mM Tris/HCl, pH 8.0, 7 mM ME (2-mercaptoethanol) and 10 % glycerol] with 150 mM KCl, using a flow rate of 1 ml/min. The NBD2 fractions, containing only the monomeric form of the protein, were collected and applied on to the HiPrep 26/10 desalting column in buffer B. The last purification step was performed on a 6 ml Resource Q column (Amersham Biosciences), using a linear KCl gradient in buffer B. After SDS/PAGE analysis of the fractions and the control of the ATPase activity over the gradient, NBD2 was stored at − 80
• C at a concentration of 300 µM in 25 mM Tris/HCl (pH 8.0) and 150 mM KCl buffer. For the NMR experiments, NBD2 was stored in buffer C (200 mM Na/K phosphate, pH 7.0, 10 mM NaCl and 7 mM ME). H]NBD1 used for the NMR studies were purified as described previously [19] . The proteins were stored at − 80
• C in buffer C at an NBD1 concentration of approx. 500 µM.
Amino acid-specific labelling of NBD1 in vitro
To obtain a selective amino acid labelling of NBD1 for structural studies, a cell-free protein synthesis technique was used. Protein production was performed by using the RTS 500 (rapid translation system 500) instrument (Roche Diagnostics 
ATPase activity
The NBD ATPase activity was measured as the production of [
33 P]P i from [γ -33 P]ATP (PerkinElmer, Applied Biosystems, Warrrington, Cheshire, U.K.) using the charcoal method [19] . Briefly, the assay was performed at 30
• C in a reaction mixture (70 µl) containing 30-100 µM of NBDs in a buffer containing 50 mM Tris/HCl (pH 8.0), 100 mM KCl and [γ - 
NMR experiments
Samples for NMR were prepared in buffer C. Samples with both NBD1 and NBD2 were prepared on Microcon YM-10 centrifugal filter devices (Millipore, Watford, Herts., U.K.), with final concentrations of 220 µM NBD1, 1 mM Mg-ATP and 75-350 µM NBD2, or by 1:1 (v/v) dilution of 450 µM NBD1 with 340 µM NBD2 without subsequent concentration with 4 mM ATP and 8 mM MgCl 2 .
15 N HSQC (heteronuclear singlequantum correlation) spectra of uniformly or selectively 15 Nlabelled NBD1 were recorded at 298 K on a Bruker DRX600 spectrometer equipped with a triple resonance 1 ( 1 H). The spectra were apodized with shifted sine-bell functions before Fourier transformation and zero-filled to obtain 256 × 512 real matrixes using XWINNMR. Small zero-order phase adjustments in the t 2 dimension were necessary. A polynomial automatic baseline correction was also performed in this dimension. The spectra were analysed with SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco, CA, U.S.A.). Peak line widths and heights were determined by a Gaussian fit for the 15 N and 1 H dimensions using the data above the lowest contour.
Other methods
Protein concentrations were determined with the Bio-Rad protein assay using BSA as a standard. SDS/PAGE was performed using a 15:0.37 acrylamide/bisacrylamide gel and stained with Coomassie Blue. SDS/PAGE molecular mass standards were from Amersham Biosciences (LMW-SDS marker kit). Native-gel electrophoresis (6.6 %, w/v, acrylamide in Tris/glycine buffer, pH 8.9) was run for 4 h at 10 mA and 10 • C.
RESULTS
We have previously reported the monomeric state and the extremely low ATPase activity of isolated NBD1 of MRP1 with biochemical and NMR data [19] . In order to determine the contribution of NBD2 in the ATPase activity of MRP1 and the role of the NBD1 ᭹ NBD2 heterodimer in the enhancement of the catalytic activity, we produced homogeneous NBD2 to check its influence on the biochemical and structural properties of NBD1.
Purification of recombinant NBD2
The N-terminal boundary of the MRP1-NBD2 fragment was defined with the help of sequence alignments with NBDs of known structures. This domain was extended from Ser 1286 to Val 1531 , the C-terminus of the full-length protein. NBD2 was produced as an N-terminal His 6 -tag fusion protein in E. coli (theoretical molecular mass of 29.7 kDa). The optimal yield of soluble NBD2 that can be extracted from cells without detergent was obtained from cultures induced for 20 h at 16
• C. During the purification procedure, particular care was taken to control the monomeric or oligomeric state of NBD2. Figure 1(A) shows the chromatographic profiles from a gel-filtration column of three different NBD2 preparations. The apparent molecular mass of the NBD2 domain varies from 30 kDa ( Figure 1A , peak M) to more than 150 kDa ( Figure 1A , peak P). NBD2 was eluted as an oligomer in peak P, migrated as a single band on SDS/PAGE, but appeared as a smear on native-PAGE (results not shown). Thus, to ensure that the interaction experiments are performed only with NBD2 monomers, the first steps of purification were performed very rapidly and at 4
• C. Excessive concentration and extensive dialysis of NBD2 between different chromatographic separations were avoided. A rapid desalting of the fractions by passage through a HiPrep TM 26/10 gel-filtration column maintained most of the NBD2 as monomers.
We paid special attention to avoid nucleotidase contaminations in the NBD2 preparations, a recurrent difficulty observed during the purification of NBD1. This is important considering the particularly low ATPase activity of these domains (see below), as compared with the ATPase from E. coli present in the cell extract. Figure 1(B) shows the importance of such contaminants in partially purified NBD2. These ATPase activities are not dependent on NBD2, since their maximum did not overlap with fractions containing the NBD2 domain and were removed by gel filtration and/or anionic chromatography. The yield of NBD2 purified to homogeneity was rather low (3-5 mg/l of culture), but the protein can be stored at − 80
• C as a monomer protein until used. Figure 1 (C) presents an SDS/PAGE analysis after loading with the NBD1 and NBD2 purified domains produced from E. coli.
ATPase activity of the isolated and combined NBD1/NBD2
Biochemical studies of the full-length MRP1 have provided evidence that the two MRP1-NBDs are not equivalent in their ability to hydrolyse ATP [13] [14] [15] . The characterization of the isolated domains could help us to understand whether this difference is due to an intrinsic property of the NBD. The homogeneity of the NBDs preparations and the correct folding of NBD2 were controlled by the binding of the nucleotide to the isolated domains. (A) Gel-filtration chromatographic profiles of NBD2 preparations. NBD2 samples of three different preparations were applied to a gel-filtration Superdex 75 HR 10/30 column. Protein elution was followed by absorption at A 280 . Monomeric NBD2 was eluted in the fractions corresponding to peak M, whereas oligomers of NBD2 were recovered in the fractions corresponding to peak P. The Superdex 75 column was calibrated using the low molecular mass gel-filtration kit (Amersham Biosciences, 13. rate of ATP hydrolysis by the isolated domain was found to be very low. In the experiment described in Figure 2(A) , the ATP hydrolysis rate of NBD2 was 6 × 10 −6 s −1 (0.01 nmol of P i · mg −1 · min −1 ). This ATPase activity is fully dependent on the presence of Mg 2+ , since no activity could be detected in the presence of EDTA. The low value of NBD2 ATPase activity was highly reproducible over several protein preparations.
In our previous study, we characterized the ATPase activity of isolated NBD1 of MRP1 [19] . In the present study, we compare it with that of NBD2 under the same conditions. Moreover, we mixed the NBDs to investigate the potential co-operativity of the NBDs in the ATP hydrolysis reaction. As shown in Figure 2(B) , NBD2 ATPase activity (6 × 10 −6 s −1 ) is somewhat lower than that of NBD1 (10 × 10 −6 s −1 ). The equimolar mixture of NBD1 and NBD2 has an ATPase activity that corresponds strictly to the sum of the ATPase of the isolated domains. Similar experiments with different NBD concentrations and a variety of buffer conditions were also performed. The results did not show any significant increase in the ATPase activity and led us to conclude that there was no detectable co-operative effect on the ATPase, induced by the presence of both domains.
No evidence for stable NBD1 ᭹ NBD2 heterodimer formation
With the purified NBD1 and NBD2, it became possible to address the question of whether a stable NBD1 ᭹ NBD2 heterodimer formation occurs. If such an interaction takes place, it should be detectable by the techniques of gel-filtration chromatography or native PAGE. NBD1 or NBD2 proteins were subjected to gel filtration on a Superdex 200 column that should efficiently resolve the NBD1 and NBD2 monomers from a stable NBD1 ᭹ NBD2 heterodimer. The isolated domains are eluted as single peaks ( Figure 3A ) with apparent molecular masses close to those predicted (∼ 27-30 kDa). A mixture containing an equimolar amount of both domains was analysed under the same conditions. The mixture of NBD1 + NBD2 proteins was eluted with an apparent molecular mass similar to that of the monomers. Several experiments were reproduced in the presence of nucleotides and/or magnesium, but these two components did not favour the formation of the expected NBD1 ᭹ NBD2 complex. Figure 3 (B) presents an attempt to visualize the heterodimer by native PAGE. The single bands observed with NBD1 or NBD2 confirm the homogeneity of the protein preparations. The higher negative charge of NBD2 results in faster migration of this domain as compared with NBD1. We did not detect any NBD1 ᭹ NBD2 complex by this method, since no additional bands appeared. The finding that the heterodimer could not be isolated by gel filtration or native PAGE suggests that the isolated NBDs do not interact or, if they do, they form a very transient complex that cannot be visualized using these techniques.
NBD1 ᭹ NBD2 association detected by NMR line broadening
NMR perturbation mapping is an easily applicable NMR technique to identify protein-protein complexes of weak affinity and has been previously used to identify several protein-proteinbinding sites [20] . It is based on the measurement of twodimensional 1 [19] , binding of ATP to NBD1 is revealed by shifts of several resonances in the HSQC spectrum of NBD1. We have also observed no line broadening of NBD1 in the ATP-bound conformation. When we added NBD2, ATP and Mg 2+ were kept in excess compared with NBDs to avoid the ATP-free conformation of NBD1. Under these experimental conditions, NBD2 does not induce any major variation in the chemical shifts of NBD1 ( Figure 4A ): no peak is shifted by more than half its line width, which indicates that no conformational changes take place. However, line broadening and concomitant decrease in intensities are detected for NBD1 when NBD2 is added. The most striking of these are highlighted by circles on the contour plot in Figure 4(A) . Moreover, these changes are ATPdependent. They are not observed in an NBD1 + NBD2 mixture with only Mg 2+ . A more detailed analysis of the distributions of 1 H/ 15 N line widths and peak heights was performed for isolated peaks or peaks that can be easily convoluted to a Gaussian form ( Figure 4B ). The intensities were normalized relative to the intensity of peaks that do not broaden on addition of NBD2. The maximum of the line width distribution of NBD1 is shifted by approx. 5 and 10 Hz for 15 N and 1 H respectively. We exclude auto-association of NBD1 and an effect of viscosity due to higher protein concentrations, on the basis that these changes are observed neither with more concentrated NBD1 samples nor in an NBD1 + NBD2 mixture in the absence of ATP (results not shown). Line broadening is more likely to originate in slow or intermediate exchange between monomer and NBD2-complexed NBD1 or in an increase in effective molecular mass, which is approx. 57 kDa for the NBD1 ᭹ NBD2 dimer as compared with 27 kDa for monomer NBD1. The concomitant increase in the global reorientational correlation time of NBD1, when associated with NBD2, is consistent with a more efficient transversal relaxation.
Assignment of the NBD1 backbone resonances shows that Gly 771 is involved in a transient NBD1 ᭹ NBD2 complex
Line broadening is not homogeneous. Several peaks, which are broadened, sometimes beyond the detection limit, are probably associated with residues directly involved in the NBD1 ᭹ NBD2 interaction. To identify these residues, we have undertaken the sequential assignment of NBD1, based on triple resonance NMR experiments. We have achieved so far the assignment of 80 % of the backbone. In order to validate these assignments, we compared them with the 1 H-15 N HSQC spectra of selectively 15 N-labelled NBD1, produced by the RTS technique (see the Materials and methods section). Good quality spectra were obtained by using a cryoprobe with protein concentrations of 50-100 µM. Contrary with in vivo production of NBD1 with selected 15 N-labelled amino acids, the in vitro RTS method allows very selective labelling ( Figure 5 ). Cross-labelling, especially of Ile and Val in the case of Leu, is avoided with RTS. Moreover, by overlaying the spectra of in vivo and in vitro produced proteins, we conclude that the RTS produced proteins fold normally ( Figure 5) . [ 15 N]Leu and [
15 N]Ser labellings were crucial to assign the residues of the ABC signature LSGGQ with a high degree of confidence. Combined with the partial sequential assignment, it allowed us to discriminate between M 841 SGGK 845 and the ABC signature residues L 768 SGGQ 772 (assignments shown in Figure 5 ). Titration experiments with increasing amounts of NBD2 showed that a relatively high NBD2/NBD1 ratio is required to detect significant modifications in the NBD1 HSQC spectrum ( Figure 6 ). Not all signals are affected in the same way, due to differences in local internal motions. In the general case, the intensity decreases of approx. 20 %, while the peaks broaden by a few Hz, e.g. Phe 862 . Side chains and the residues belonging to the His tag, which are subject to fast local motions, remain unchanged (see Figure 6 for Gly of His-tag). For a few residues, such as Gly 771 and Gly 770 to a lesser extent, the loss of intensity and line broadening are more significant, especially when more than 1 molar equivalent of NBD2 is added ( Figure 6 ). This result can be explained by the formation of a transient NBD1 ᭹ NBD2 complex and shows that Gly 771 is located at the interface, as the interaction of Gly 771 with NBD2 would result in a local decrease in flexibility. The special case of Gly 771 shows that the ABC signature motif of MRP1 is directly involved in ATP-dependent NBD1 ᭹ NBD2 complex formation.
DISCUSSION
In the present study, we investigated the biochemical and structural consequences of heterodimer formation between the two NBDs, NBD1 and NBD2, of MRP1. For this purpose, we purified labelled NBD1 to develop NMR studies and we isolated NBD2 in a monomeric form to examine heterodimer formation. Both NBD domains are folded, monomeric and can bind nucleotide, despite a very low intrinsic ATPase activity. Our NMR data indicate that isolated NBD1 interacts with NBD2, showing that a complex involving Gly 771 of the signature sequence can be formed. Thus complex formation between the isolated NBDs of MRP1 is shown here for the first time. The interaction of two NBDs in homoor hetero-dimers is assumed to be a key element of the threedimensional structural arrangement of the ABC transporters (for reviews, see [21] [22] [23] [24] [25] ). This NBD dimerization process is thought to be essential for the activation of the transport mechanism for this family of proteins, as it has been recently shown for CFTR (cystic fibrosis transmembrane conductance regulator; also known as ABCC7) [26] .
A number of three-dimensional crystal structures of bacterial ABC transporter NBDs have been reported and several homodimer interfaces are described. The first NBD heterodimer structure [12] , which has been published very recently, is the MgADP bound structure of the Pyrococcus furiosus twin cassette ATPase RLI. Nevertheless, there are only three mammalian ABC transporters for which high-resolution three-dimensional NBD structures are available: NBD of TAP1 (transporter associated with antigen processing 1) [27] , NBD1 of mouse CFTR [28, 29] and NBD1 of human CFTR [30] . No structure of the NBD2 of any ABC B-or C-subfamily protein has been solved so far. Structural information about NBD heterodimers could only be derived by molecular modelling, as described for the fulllength ABC transporters P-gp (P-glycoprotein; ABCB1) [31] or SUR1/ABCC8 [32] , or with the first two-dimensional crystal structure of MRP1 [33] and P-gp [34] . Recently, a threedimensional model of the CFTR heterodimer was built [35] . The authors argued, based on this model, that the buried interface between CFTR-NBD1 and CFTR-NBD2 is rather small for a specific dimer contact. This can be compared with the extensive buried surface (> 2000 Å 2 ; where 1 Å = 10 −10 m) of the ATPbound homodimer of bacterial MalK, whose additional Cterminal regulatory domain contributes substantially to dimer formation both in the presence and absence of nucleotide.
NMR allows characterization of weak affinity protein-protein complexes and is complementary to structure determination by X-ray crystallography. To our knowledge, only one other NBD of an ABC transporter protein, MJ1267 (LivG) of Methanococcus jannaschii, has been studied by NMR [36, 37] . But no information about a putative homodimer formation in solution was reported. We could not obtain any evidence for an NBD1 ᭹ NBD2 complex of MRP1 by gel filtration or native PAGE. However, relatively modest but significant changes in the 15 N HSQC NMR spectrum of 15 N-labelled NBD1 were observed on the addition of NBD2. The results suggest that the presence of NBD2 does not induce a structural rearrangement of NBD1, but demonstrate a weak but specific interaction of NBD1 in its Mg-ATP-bound conformation with NBD2. This interaction is ATP-dependent, since it is not detected in the absence of the nucleotide or in the presence of Mg 2+ alone. The combined use of [ 15 N 13 C 2 H]NBD1 for triple resonance experiments and specifically amino acid-labelled NBD1 enabled us to assign one of the major changes in the HSQC spectrum induced by the presence of NBD2 to residue Gly 771 of the LSGGQ sequence. Thus our NMR results show that the labile NBD1 ᭹ NBD2 association involves the ABC sequence signature.
The ABC signature region LSGGQ is the most characteristic motif of the whole ABC transporter superfamily and is found between the two Walker motifs. The prokaryotic 'head-to-tail' crystallographic structure, where the two monomers complement each other's active site, is now commonly accepted as the physiological NBD dimer form. The ABC signature motif of one subunit interacts with the ATP bound at the Walker motifs of the opposite subunit. Influence of the nucleotide on the homodimer conformation of the NBDs was revealed by comparison of the nucleotide-free and ATP-bound structures of bacterial Rad50 [6, 38] . The work of Hopfner et al. [6, 38] shows that the second Gly residue of the Rad50 LSGGQ motif interacts with the oxygen of the γ -phosphate of the ATP bound at the Walker motif of the opposite subunit. This residue in Rad50 is analogous to Gly The HSQC spectra of NBD1 (220 µM) were titrated in the presence of 1 mM Mg-ATP by addition of 0:1 (black), 0.35:1 (blue), 1:1 (green) and 1.6:1 (red) molar equivalents of NBD2. The selected regions are centred on the backbone correlations of Gly 770 , Gly 771 , Phe 862 and one Gly of His tag. On the top of each two-dimensional spectrum, the extracted 1 H spectrum at the 15 N chemical shift of these residues is drawn, which has been normalized relative to the Gly His-tag signal.
affected in the MRP1-NBD1 spectrum. Similar arrangements have been found in the MsbA lipid transporter of Vibrio cholerae [39] and of E. coli [40] , the vitamin B 12 transporter BtuCD [10] and the maltose transporter MalK [11] of E. coli.
Several recent biochemical studies also described the close proximity of the two NBDs in the homodimeric MalFGK ABC protein by vanadate-induced cleavage experiments [41] and for the human multidrug transporter MDR1 using Walker A and signature sequence mutants in cross-linking experiments [42, 43] . In the absence of any heterodimer structure and to more fully understand the role of the ABC signature sequence in MRP1, mutation experiments have been recently reported. In these studies, Gly 771 of MRP1 was substituted for Asp [16, 17] : Ren et al. [16] suggested that both signature sequences of MRP1 are involved in the ATP hydrolysis and transport activity of MRP1; Szentpetery et al. [17] proposed that the conserved Gly residue is part of the network responsible for the accelerated hydrolytic activity upon interaction of the protein with its transported substrate. In agreement with these recent biochemical studies, our NMR data reinforce the essential role of Gly 771 in the direct interaction of the two subunits in the absence of other intramolecular constraints and support the similarities to the three-dimensional structures of known homodimers.
However, our findings underline some specific differences as compared with other studies. We were unable to isolate a stable NBD1 ᭹ NBD2 complex, although a stable dimer could be expected in the absence of ATPase activity. Indeed, the absence of a stable heterodimer cannot be explained by the dissociation of the NBD upon ATP hydrolysis, because the estimated time to hydrolyse one ATP per NBD is much longer than the duration of the interaction experiments. The fast equilibrium between NBD monomers and dimers was reported [44, 45] . Mutants of the ABCATPase GlcV from Sulfolobus solfataricus [45] , defective in ATP hydrolysis, were used to reveal the homodimer in gel-filtration experiments. The authors further mutated the GlcV-Gly 144 residue (homologous with MRP1-Gly 771 ) and showed that this mutant failed to dimerize, indicating also an essential role for this residue in stabilizing the productive dimeric state of the protein. In MRP1, the weak NBD1 ᭹ NBD2 affinity observed may be due to the fact that the NBDs are isolated from the other domains of the fulllength molecule. There is very little information characterizing recombinant heterodimers of this ABC family because of the difficulties in isolating recombinant NBDs and probably because of the weakness of the dimer interaction.
An additional unexpected result of our study was the complete absence of stimulation of the ATPase activity measured in the c 2005 Biochemical Society presence of both MRP1-NBDs. This observation differs from the recently published results about the NBDs of CFTR [46] , showing that the co-assembly of purified and renatured NBD1 and NBD2 exhibited a 2-3-fold enhancement in the catalytic activity relative to the isolated domains. Kidd et al. [46] concluded that the heterodimerization of the two NBD domains of CFTR induces co-operativity of the ATP hydrolysis reaction. The CFTR-NBD boundaries used in that study are quite similar to those we defined for the MRP1-NBDs. CFTR is another member of the C-subfamily of human ABC transporters and its NBDs, like those of MRP1, are also functionally asymmetric [47, 48] . The ABC signature motif LSGGQ is substituted for LSHGH in CFTR-NBD2 and the mutation of Gly 551 , analogous to MRP1-Gly 771 , in the LSGGQ of CFTR-NBD1 is associated with a severe form of cystic fibrosis. As compared with our results, the NBD-dimer formation of these two structurally close ABC-family members must induce different conformational modifications at the ATPase catalytic centre. Moreover, we cannot rule out the possibility that the precise molecular mechanism required to generate an optimal catalytic activity is different for these two ABC transporters, which have highly divergent physiological functions. Other intramolecular contacts of the NBDs with the intracytoplasmic domains should be necessary in MRP1 to reveal the NBD1 ᭹ NBD2 ATPase co-operativity. Our knowledge of the architecture of the ABC transporters shows that the dimerization of the NBDs is essential, but their interfaces seem often limited and without strong interaction. Additional structural elements, which are different according to the particular ABC enzyme (see [49] ), are required to stabilize the NBD-dimer conformation. In MRP1, these domains still have to be identified to explain the drug-stimulated ATPase activity of the full-length protein.
